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Abstract 
The effects of cover crops on the biology of the soybean cyst nematode (SCN), Heterodera glycines, are 
not well established. It is possible that cover crops may reduce SCN population densities by acting as trap 
crops. Cover crops with potential to serve as trap crops may stimulate hatching and/or attract hatched 
SCN juveniles and also may be penetrated by large numbers of nematodes that cannot feed. Experiments 
were conducted to determine if root exudates and soil leachates (RE+SL) from various cover crop plants 
affected SCN hatching and chemotaxis and if there were significant differences in SCN juvenile root 
penetration among different cover crop plant types. In fourteen-day-long hatching experiments, there was 
greater SCN hatching in crimson clover (Trifolium incarnatum) RE+SL than in RE+SL from all other cover 
crop treatments in the experiments. No other cover crop RE+SL significantly affected hatching. In 
chemotaxis experiments, SCN juveniles were attracted to RE+SL from annual ryegrass (Lolium 
multiflorum) and cereal rye (Secale cereal) after 24 hours. In greenhouse experiments, significantly more 
SCN juveniles penetrated the roots of single cultivars of crimson clover, mustard (Brassica juncea), and 
rapeseed (Brassica napus) than 11 other cover crop species/cultivars evaluated in the experiment over 
the course of 20 days. Few SCN juveniles penetrated the roots of annual ryegrass and cereal rye. The 
results suggest crimson clover, grown as a cover crop, has the most potential to act as a trap crop for 
SCN. Cover crop plants may affect SCN biology in ways other than the mechanisms investigated in these 
experiments. 
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13 Abstract
14 The effects of cover crops on the biology of the soybean cyst nematode (SCN), 
15 Heterodera glycines, are not well established. It is possible that cover crops may reduce SCN 
16 population densities by acting as trap crops. Cover crops with potential to serve as trap crops 
17 may stimulate hatching and/or attract hatched SCN juveniles and also may be penetrated by large 
18 numbers of nematodes that cannot feed. Experiments were conducted to determine if root 
19 exudates and soil leachates (RE+SL) from various cover crop plants affected SCN hatching and 
20 chemotaxis and if there were significant differences in SCN juvenile root penetration among 
21 different cover crop plant types. In fourteen-day-long hatching experiments, there was greater 
22 SCN hatching in crimson clover (Trifolium incarnatum) RE+SL than in RE+SL from all other 
23 cover crop treatments in the experiments. No other cover crop RE+SL significantly affected 
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24 hatching. In chemotaxis experiments, SCN juveniles were attracted to RE+SL from annual 
25 ryegrass (Lolium multiflorum) and cereal rye (Secale cereale) after 24 hours. In greenhouse 
26 experiments, significantly more SCN juveniles penetrated the roots of single cultivars of crimson 
27 clover, mustard (Brassica juncea), and rapeseed (Brassica napus) than 11 other cover crop 
28 species/cultivars evaluated in the experiment over the course of 20 days. Few SCN juveniles 
29 penetrated the roots of annual ryegrass and cereal rye. The results suggest crimson clover, grown 
30 as a cover crop, has the most potential to act as a trap crop for SCN. Cover crop plants may 
31 affect SCN biology in ways other than the mechanisms investigated in these experiments. 
32
33 Introduction
34 The soybean cyst nematode (SCN), Heterodera glycines Ichinohe, ranks consistently as 
35 the top yield-suppressing pathogen in United States soybean (Glycine max L.) production (Allen 
36 et al. 2017, Koenning and Wrather 2010, Wrather and Koenning 2009). Methods to manage SCN 
37 typically include growing resistant soybean cultivars in rotation with nonhost crops and using 
38 nematode-protectant seed treatments (Niblack 2005, Bissonnette and Tylka 2017). Almost all 
39 SCN-resistant cultivars grown in the past three decades were derived from the breeding line PI 
40 88788 (McCarville et al. 2017, Tylka and Mullaney 2019), which has led to the selection of SCN 
41 populations with increased ability to reproduce on the commonly used source of resistance 
42 (Howland et al. 2018, Niblack et al. 2008). Decreased effectiveness of soybean resistance to 
43 SCN has made continued management of the pest progressively more difficult. 
44 The use of cover crops is an increasingly popular practice for farmers in the United States 
45 (CTIC 2017). Cover crops are plants that are sown near or after the harvest of cash crops and 
46 grown to provide ground cover for the soil in the fall and again in the spring, before planting of 
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47 the next cash crop. Cover crops alleviate soil erosion and reduce nutrient leaching (Clark 2007). 
48 They also may reduce SCN population densities through one or more mechanisms including 
49 serving as a trap crop, releasing nematicidal allelochemicals, producing inhibitory 
50 allelochemicals, and/or stimulating hatching (Niblack and Chen 2004). A cover crop would serve 
51 as a trap crop if a large number of nematode juveniles entered the crop roots and subsequently 
52 perished as a result of incomplete development because the juveniles could not successfully form 
53 feeding sites within the roots. 
54 Trap crops have been effective at reducing population densities of several other plant-
55 parasitic nematodes. Marigold species (Tagetes L. spp.) are well-established trap crops for 
56 Meloidogyne incognita, the root-knot nematode (Hooks et al. 2010), and specific cultivars of 
57 oilseed radish (Raphanus sativus var. oleiferus) can act as a trap crops for Heterodera schachtii, 
58 the sugar beet cyst nematode (Hafez and Sundararaj 2009). Riggs (1987) found that SCN 
59 juveniles penetrated the roots of 31 plant species other than G. max, with little or no development 
60 of the nematodes inside of the roots. But there were no data reported on how many nematodes 
61 were found in the roots of the plants from the experiments. To our knowledge, there have been 
62 no published reports on whether cover crops can serve as trap crops for SCN. 
63 Cover crops with potential to serve as trap crops may stimulate hatching and/or attract 
64 hatched SCN juveniles (Trivedi and Barker 1986) and also may be penetrated by large numbers 
65 of nematodes that cannot feed. There have been at least three published studies documenting the 
66 effects of cover crops on SCN hatching. Warnke (2008) found that after 14 days, significantly 
67 more SCN juveniles hatched in leachates of sand in which red clover (Trifolium pratense) and 
68 sunn hemp (Crotalaria juncea) were grown compared to hatching in leachates from fallow (non-
69 planted) sand and sand in which the non-cover crop, SCN nonhost corn (Zea mays) were grown. 
Page 3 of 32
Harbach                                                                        Plant Disease 4
70 They also observed a significant suppression of hatching by leachates from soil in which Illinois 
71 bundleflower (Desmanthus illinoensis), rapeseed (Brassica napus), and perennial ryegrass 
72 (Lolium perenne) were grown. However, the treatment effects were not consistent among 
73 multiple runs of the experiments, and hatching in a positive control treatment in the experiments 
74 (ZnCl2) was low relative to hatching in the water control. Kushida et al. (2003) also reported 
75 stimulation of SCN hatching in root leachates of Crotalaria juncea grown in autoclaved soil. 
76 Riga et al. (2001) collected plant root exudates from cover crop treatments grown in perlite and 
77 found greater hatching in exudates from annual ryegrass (Lolium multiflorum) and white clover 
78 (Trifolium repens) compared to the soybean control. 
79 There are no published reports of how cover crops affect specific aspects of SCN biology 
80 and behavior other than hatching. Researchers recently developed new methods to assess SCN 
81 chemotaxis. Beeman et al. (2016) designed and created microfluidic chips to assess SCN second-
82 stage juvenile movement towards or away from compounds, including known attractants or 
83 repellants; and Jensen et al. (2018) used these microfluidic chips to determine how the leachates 
84 from soybean seeds with various seed treatments planted in soil attracted or repelled SCN 
85 second-stage juveniles. Such experimental methods can be applied to determine how cover crops 
86 affect SCN chemotaxis. 
87 The objectives of this study were to determine if root exudates and leachates of soil in 
88 which cover crops are grown affect hatching and chemotaxis of SCN juveniles and to compare 
89 juvenile penetration of the roots among cover crop species and cultivars. 
90
91 Materials and Methods
92 Collection of root exudates and soil leachates 
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93 The root exudate and soil leachate (RE+SL) collection method used was adapted from 
94 Sikora and Noel (1996). Seeds of cover crops were sown in 600-cm3-capacity plastic Cone-
95 tainers (Stuewe and Sons, Inc., Tangent, Oregon, USA) filled with a steam-pasteurized 1:1 mix 
96 by volume of construction sand and field soil (a Webster clay loam from Ames, Iowa, not 
97 infested with SCN). There were three sets of hatching and chemotaxis experiments conducted 
98 using the following treatment groups: A) one representative cultivar of seven selected cover crop 
99 species, B) eight broadleaf cover crop cultivars, and C) three cultivars of cereal rye and two of 
100 annual ryegrass (Table 1). All of the cover crops in these experiments were nonhosts of SCN 
101 (Kobayashi-Leonel et al. 2017) with the exception of crimson clover, which is described as either 
102 a poor host (Riggs 1992) or a nonhost (Riggs 1987). Each experiment also included a non-
103 planted soil control and a non-cover crop SCN nonhost tomato (Solanum lycopersicum cultivar 
104 Rutgers) control. Soybeans were not among the plants included as a control treatment because of 
105 variable effects of soybean root exudate on SCN hatching (Charlson and Tylka 2003).  One to 
106 two weeks after planting, plants in each Cone-tainer were thinned to a desired number, which 
107 varied by species (Table 1). Plants were watered every other day for 4 weeks and watered for the 
108 last time two days prior to collection of RE+SL.
109         The RE+SL (just SL for non-planted soil) were collected by dispensing 30 ml of sterile 
110 deionized (DI) water into each Cone-tainer and waiting for one hour before adding an additional 
111 100 ml of sterile DI water into each Cone-tainer suspended above a glass beaker. The RE+SL 
112 were collected for about fifteen minutes in the beaker as they leached out of the bottom of each 
113 Cone-tainer. There were four replications per treatment, and all of the RE+SL collected were 
114 combined per treatment. If a replication did not contain enough plants to be within an acceptable 
115 range (as stated in Table 1), the replication was not included in the RE+SL collection. 
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116 Consequently, the RE+SL for each treatment varied in total volume but the total volume 
117 collected was always enough for subsequent use in experiments regardless of missing 
118 replications.
119         The RE+SL were filter sterilized using a Corning® 150 ml bottle-top filter with 0.22-µm 
120 pores (Corning, New York, USA) on 50-ml centrifuge tubes connected to a vacuum. The RE+SL 
121 were stored in 50-ml plastic centrifuge tubes (Thermo Fisher Scientific Inc., Waltham, 
122 Massachusetts, USA) at 4ºC until they were used in hatching experiments and stored at -20ºC 
123 until used in chemotaxis experiments.
124 Hatching experiments
125 Eggs of SCN for hatching experiments were obtained from the roots of the susceptible 
126 soybean cultivar Williams 82 grown in SCN-infested field soil (HG type 2) collected from 
127 Muscatine, Iowa, for 4 to 8 weeks in a greenhouse maintained at 27ºC.  Other SCN populations 
128 with different HG types were not used in experiments because HG types differ only by their 
129 reproduction on resistant soybean breeding lines used in the HG type test (Niblack et al. 2002). 
130 That is, different HG types have no other consistent biological or behavioral differences. The 
131 soybean roots in culture were carefully removed from the soil, rinsed, then placed on an 850-µm-
132 pore sieve nested over a 250-µm-pore sieve. The SCN females on the roots were dislodged by 
133 spraying with a stream of water and were collected on the 250-µm-pore sieve. The eggs were 
134 extracted by crushing the females on a 250-µm-pore sieve with a rubber stopper (Faghihi and 
135 Ferris 2000) and then collecting the eggs on a 25-µm-pore sieve nested under a 75-µm-pore 
136 sieve. The eggs were separated from any remaining soil debris by sucrose centrifugation (Jenkins 
137 1964) followed by rinsing thoroughly with tap water prior to use in hatching experiments.
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138 The hatching experiments were conducted in sterile six-well tissue culture plates 
139 (Corning® Corstar®, Tewksbury, Massachusetts, USA), with one plate serving as a single 
140 experimental unit. The top three wells were used throughout the experiment for one treatment of 
141 RE+SL, and the bottom three wells left unused to avoid possible volatile contamination from 
142 another RE+SL treatment.  On day one of the experiment, 4 ml of treatment solution were 
143 deposited in the top left well of each plate. The treatment solutions were RE+SL from the 
144 various cover crops, from the non-cover crop SCN nonhost tomato, and SL from non-planted 
145 soil. Sterile DI water and a known SCN hatch stimulant, 5 mM zinc sulfate (ZnSO4) (Tefft and 
146 Bone 1984), were included as control treatments. A sieve with 30-µm-pore nylon mesh (Elko 
147 Filtering Co., Switzerland) was placed into the well, and 200 to 400 SCN eggs were added into 
148 each sieve. The plates were placed by replication in one or two stacks, depending on the number 
149 of treatments, with treatments in random order and each stack or pair of stacks representing a 
150 block. The plates were incubated in the dark at 25ºC for three days, then the sieves with the 
151 unhatched eggs were moved to the adjacent well (middle well) in the plate and fresh solution was 
152 added to the well. When juveniles hatched in the sieves, they moved down through the mesh and 
153 remained in the liquid within the well. This process of transferring sieves to the top right wells 
154 with fresh solution was repeated on day seven. On the fourteenth day of the experiment, sieves 
155 were removed from the well plates, and the number of hatched juveniles in each well plus the 
156 remaining unhatched eggs on each sieve were counted. The cumulative percent hatch was 
157 calculated by dividing the total number of juveniles that hatched after 14 days by the total 
158 number of hatched juveniles plus the remaining unhatched eggs. Subsequently, the proportion 
159 hatch for each treatment relative to hatching in SL from non-planted soil was calculated by 
160 dividing the cumulative percent hatch of a treatment by the cumulative percent hatch in the non-
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161 planted SL control in the same replication. Each experiment was organized using a randomized 
162 complete block design and was repeated once with four replications of each treatment per run of 
163 the experiment. 
164 Chemotaxis experiments
165 Microfluidic chemotaxis chips were fabricated out of polydimethylsiloxane (PDMS) 
166 (DOW Sylgard® 182 Silicone Elastomer) using methods described by Beeman et al. (2016). The 
167 four lanes of each chip (Fig 1A) were filled with DI water to remove all air bubbles, then three 
168 lanes of a chemotaxis chip were randomly selected to receive a treatment opposite of a DI water 
169 control in the reservoirs. Both reservoirs of the remaining fourth lane were filled with DI water 
170 as a control treatment used to determine if the movement of the juveniles in the chip was biased 
171 towards one side of the chip or the other. Data from chemotaxis chips that had more than 10% 
172 difference in the number of nematodes observed in the left and right resting chambers of lanes 
173 containing DI water on both sides were not used in analyses. Treatments were randomly assigned 
174 chip lane (1-4) and side (left or right) locations. Solutions of 0.5 M KNO3 and 0.5 M CaCl2 were 
175 used as attractant and repellant control solutions, respectively (Beeman et al. 2016). A total of 45 
176 μl of one of the cover crop RE+SL treatments or a control solution and 45 μl of DI water were 
177 dispensed into reservoirs on the opposite ends of a lane on the microfluidic chips according to 
178 the treatment randomization plan. Eggs of SCN were extracted and collected as described for 
179 hatching experiments above. Second-stage juveniles of SCN were collected by placing eggs on a 
180 sieve with 30-µm-pore nylon mesh in petri dishes submerged in DI water, sealed with Parafilm® 
181 and incubated for 3 to 5 days at 25°C in the dark. Active, hatched juveniles (16 to 130) that 
182 passed through the nylon mesh were collected and dispensed into the center nematode entry port 
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183 of each chemotaxis chip (Fig. 1). Chips were placed into a 10-cm-square petri dish, wrapped in 
184 Parafilm®, and incubated at 25°C in the dark for 24 hours.
185 After incubation, chips were observed at 25x magnification using a stereoscope, and the 
186 juveniles were counted and recorded as being in the resting chamber (Fig 1B) near the treatment 
187 reservoir, near the DI water reservoir, or remaining in the center nematode entry port of each 
188 lane. The number of juveniles in each of the three areas in the lane were divided by the total 
189 number of nematodes in the lane to calculate percent. There were four replications per treatment 
190 per experimental run, and the experiment was conducted two to three times, depending on the 
191 treatment.
192 Root penetration experiments 
193 Mixtures of construction sand, field soil from Ames, Iowa (Webster clay loam), and soil 
194 (from Fruitland, Iowa, identified as a Fruitfield coarse sand) that was naturally infested with an 
195 HG type 2 SCN population were prepared for three runs of the experiment. All mixtures were a 
196 sandy loam texture. The soil mixture in the first run was a 2:2:1 ratio by volume of construction 
197 sand: field soil: SCN-infested soil. A 2:1:2 mix by volume of construction sand: field soil: SCN-
198 infested soil was used for the remaining runs of the experiments. The initial SCN population 
199 densities for the first, second, and third runs of this experiment were approximately 2,500, 3,900, 
200 and 3,500 eggs/100 cm3, respectively. Cone-tainers with a 150-cm3-capacity (Stuewe and Sons, 
201 Inc., Tangent, Oregon, USA) were filled with the soil mixture and placed into 7.6-liter-capacity 
202 buckets filled with sand. An entire, single replication of each treatment fit into one bucket, and 
203 thus, the experiment was organized using a randomized complete block design. 
204 Seeds of multiple cover crop species, tomato (a non-cover crop SCN nonhost), and an 
205 SCN-susceptible soybean cultivar (Table 1) were sown in replicate Cone-tainers and watered 
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206 every other day for 20 days in a growth chamber maintained at 25ºC with a 16-hour photoperiod. 
207 Cone-tainers were thinned to one plant per Cone-tainer three to ten days after planting. However, 
208 Cone-tainers with annual ryegrass and cereal rye often had more than one plant per experimental 
209 unit remaining because of difficulties in removing the growing point of these plants from of the 
210 soil. The plants were grown for 20 days. This was enough time for adequate root development of 
211 all cover crops and for nematode penetration but not long enough for SCN to complete its life 
212 cycle, thereby avoiding the potential for lost penetration data from soybean roots due to exiting 
213 of adult males. After 20 days, the tops of plants were removed and discarded, and the roots were 
214 rinsed thoroughly to wash away as much residual soil debris as possible, then weighed to 
215 determine fresh root mass. Roots were placed into one well of a six-well tissue culture plate and 
216 stored at -20ºC prior to processing. 
217 The nematodes were extracted from the plant roots using a method modified from Jensen 
218 et al. (2018) as follows. The day before processing, frozen plant roots were thawed to room 
219 temperature (ca. 21ºC) and then were frozen again at -20ºC overnight to make roots more friable. 
220 On the day of processing, the roots were thawed at room temperature again, cut into 
221 approximately 1-cm-long pieces, and blended in 125 ml of tap water in a 350-ml-capacity 
222 Waring® blender (Torrington, Connecticut, USA) by pulsing 10 times and then blending for 30 
223 seconds, consecutively. After blending, the mixture was poured through an 850-µm-pore sieve 
224 over a 25-µm-pore sieve. Root debris were caught on the 850-µm-pore sieve, and the nematodes 
225 were recovered on the 25-µm-pore sieve. The 850-µm-pore sieve was rinsed 10 times before 
226 collecting the material from the 25-µm-pore sieve to ensure that no nematodes remained on the 
227 top sieve. The materials on the 25-µm-pore sieve were collected, stained with acid fuchsin 
228 solution (3.5 g. acid fuchsin, 750 ml DI water, and 250 ml glacial acetic acid) by heating to 
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229 boiling in a microwave oven (Byrd et al. 1983), and observed under a dissecting microscope at 
230 15x magnification. The total number of nematodes were counted for each experimental unit. The 
231 first and third runs of the experiment had six replications and the second run had three 
232 replications. 
233 Data analyses 
234 Data were analyzed in SAS 9.4 (SAS Institute Inc., Cary, North Carolina, USA). The 
235 main effect of treatment was a fixed, and both run and replication within run were random 
236 effects for all experimental analyses. Hatching experiment analyses were conducted on the 
237 natural-log-transformed data after calculating the cumulative proportion hatch for each treatment 
238 relative to the hatch in the non-planted SL control for each replication. Subsequently, the 
239 proportion data for the non-planted SL control treatment were excluded from the analysis as it 
240 was used to calculate the proportion and, consequently, always had a value of 1.0. An analysis of 
241 variance (ANOVA) was performed using SAS Proc MIXED for each experiment. The standard 
242 error of the mean was calculated based on the average, the standard deviation, and sample size 
243 for each treatment. The hatch proportion means were analyzed using SAS Proc TTEST to 
244 determine if the values were significantly different from 1.0, e.g. different than the proportion of 
245 the non-planted SL control. The means shown in Fig. 2 are back-transformed values. 
246 Chemotaxis experiments were analyzed using the percent of nematodes that were 
247 attracted to and repelled by the RE+SL treatments. The standard error of the mean was calculated 
248 for each treatment as described above, and a series of paired t-tests using SAS Proc TTEST were 
249 conducted to determine whether the percent of nematodes that were attracted to a treatment 
250 solution differed significantly from the percent of nematodes that moved away from the 
251 treatment solution (towards water). 
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252 The results from the root penetration experiments were analyzed using natural-log-
253 transformed data of the total number of SCN juveniles per root system in each treatment and the 
254 number of nematodes per fresh root gram in an ANOVA using Proc MIXED. The same formula 
255 was used to calculate the standard error of the mean for each treatment. The means presented in 
256 Fig. 4 are back-transformed values. 
257
258 Results
259 Hatching experiments 
260 On average, SCN hatching after 14 days in the DI water control ranged from 28 to 41 
261 percent and from 71 to 75 percent in ZnSO4 among experiments with the different treatment 
262 groups (data not shown). Hatching in SL from the non-planted soil control treatment in the 
263 experiments was 15 to 23 percent (data not shown), which was consistently and usually 
264 significantly less than hatching in deionized water (Fig. 2). There was significantly greater 
265 hatching in RE+SL from crimson clover than in SL from the non-planted soil control treatment 
266 (α = 0.05) in experiments with both treatment group A (Fig. 2A) and treatment group B (Fig. 
267 2B). Hatching in the RE+SL of all other cover crop treatments and tomato was not significantly 
268 different than hatching in the non-planted soil control treatment (Fig. 2).
269 Chemotaxis experiments
270 Juveniles of SCN were attracted to the KNO3 control treatment with an average of 33 
271 percent of nematodes moving towards the compound. Conversely, juveniles were repelled by the 
272 CaCl2 control treatment with 23 percent of juveniles moving away from the treatment. SCN 
273 juveniles were neither attracted to nor repelled by the non-planted SL or the RE+SL of most of 
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274 the cover crop treatments in treatment group A and B (Fig. 3). In treatment group C, annual 
275 ryegrass 2 and cereal rye 1 RE+SL significantly attracted SCN juveniles compared to the water 
276 control (α = 0.05) (Fig. 3C). 
277
278 Root penetration experiments 
279 There were large differences among cover crop plants in the numbers of SCN juveniles 
280 that penetrated the roots (Fig. 4). The total number of juveniles recovered from the roots of the 
281 susceptible soybean control treatment was significantly greater than all other treatments (α = 
282 0.05) (Fig. 4A). Crimson clover had more SCN juveniles per g of roots than soybeans 
283 numerically, but the means were not significantly different (Fig. 4B). Crimson clover also had 
284 the second-highest total number of nematodes in the roots after soybeans (Fig. 4A). The number 
285 of SCN juveniles found in crimson clover roots was significantly greater than many of the other 
286 broadleaf and all grass cover crop plants in the experiments in both analyses (Fig. 4). The roots 
287 of all cultivars of cereal rye and annual ryegrass consistently had the fewest juvenile nematodes, 
288 and the numbers for those treatments always were significantly lower than for any other 
289 treatments in these experiments (Fig. 4).
290 Discussion
291 We evaluated the potential of cover crops as trap crops for SCN. The crimson clover 
292 (Trifolium incarnatum) cover crop treatment had the most SCN juveniles in plant roots and was 
293 also the treatment that stimulated SCN hatching. These results suggest that this cover crop has 
294 the greatest potential of the plants we studied to serve as a trap crop for SCN. Crimson clover is 
295 one of several leguminous plant species used as a cover crop. Kushida et al. (2003) were the first 
296 to report that root leachates from crimson clover stimulated hatching and our results are 
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297 consistent with theirs. Also, Warnke et al. (2008) reported significantly greater SCN hatching in 
298 leachates from red clover, Trifolium pretense, and Riga et al. (2001) observed stimulation of 
299 SCN hatching by root exudates of white clover, Trifolium repens, indicating that several clover 
300 species may have this effect. We did not study these other Trifolium species, and more work is 
301 warranted with additional clover species as well as with other leguminous cover crops to 
302 determine if they affect SCN hatching. We also did not include soybean root leachates as a 
303 treatment in our experiments because of past inconsistent results in hatching experiments 
304 (Charlson and Tylka 2003), so our results cannot be viewed relative to the effects of host 
305 soybeans. The nonhost, non-cover crop control serves as a more relevant treatment to compare 
306 with the cover crop treatments because all of the cover crops used in the experiments except 
307 crimson clover were nonhosts. 
308 Crimson clover is described as either a poor host (Riggs 1992) or a nonhost (Riggs 1987) of 
309 SCN. And recent data from Kobayashi-Leonel at al. (2017) reported that only a single adult SCN 
310 female formed on the roots of a total of six crimson clover plants when grown in soil infested 
311 with the same SCN population that we used in the experiments described herein. The names of 
312 the cultivar used by Kobayashi-Leonel et al. and the one used in our experiments were not 
313 provided by the seed providers (i.e. “variety not specified”) and the cultivars could have been 
314 different, but differences in SCN host status among crimson clover cultivars has not been 
315 reported. Also, when the cover crop mix containing crimson clover was grown for 60 days in 
316 other greenhouse experiments we conducted (Harbach 2019), SCN population densities 
317 decreased. This decline in numbers is consistent with the crimson clover plants being nonhosts. 
318 There should be no concern about SCN population densities increasing when crimson clover is 
319 used as a cover crop in fields infested with this nematode. 
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320 More work is needed to determine if there are consistent decreases in SCN population densities 
321 when crimson clover is grown in SCN-infested fields. The most common grass, brassica, and 
322 legume grown as cover crops in the North Central region of the United States are cereal rye, 
323 radish, and crimson clover, respectively (CTIC 2017). However, given that cover crop mixtures 
324 of two or more species are generally more effective than planting a single species (Clark 2007), 
325 it is unlikely that a leguminous species such as crimson clover would be used as a standalone 
326 cover crop. The effects of cover crop species that we observed in greenhouse and laboratory 
327 studies may not occur under field conditions, particularly when the leguminous cover crop 
328 species are used in mixes. The grass cover crop species and cultivars included in our experiments 
329 did not have many juveniles in plant roots or have effects on SCN hatching or chemotaxis. 
330 In the experiments with RE+SL we did not consider the effects of the concentrations of 
331 the materials on the biology of SCN. We used only the concentration of RE+SL that resulted 
332 from collection of the RE+SL as described in the Materials and Methods. The hatching (Tefft 
333 and Bone 1984) and specific movement behaviors (Schroeder and MacGuidwin 2010) of SCN 
334 reportedly vary depending on the concentration of the compounds being studied. Huisman 
335 (1982) explained how most root exudates are produced at root tips and not along the root zone of 
336 elongation. It is possible that the concentration of root exudates in RE+SL collected from grass 
337 cover crops was greater than what was collected from broadleaf cover crop species due to 
338 differences in root amounts and rooting pattern. Future work with cover crop RE+SL and SCN 
339 would likely benefit from determining a way to assess and standardize the relative number of 
340 root tips present when collecting RE+SL for experimental use. The intention of our experiments 
341 was to collect RE+SL in a manner that would best mimic field conditions to identify RE+SL that 
342 might have significant effects on SCN biology and behaviors. The next steps of investigation 
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343 also should examine the effects of different concentrations of cover crop RE+SL on hatching and 
344 chemotaxis and to study the effects for greater periods of time as our results may have been 
345 different if the experiments were conducted for longer periods of time.
346 Of all of the cover crop species studied in our experiments, crimson clover had the 
347 highest number of SCN juveniles penetrate the plant roots, but there were some cruciferous 
348 cover crops (mustard, rapeseed) with similar numbers of penetrated nematodes per gram of root. 
349 This result may suggest that there is a potential for these cruciferous cover crops to serve as a 
350 trap crop for SCN as well. Other studies have observed root penetration of cruciferous plants by 
351 SCN juveniles. Warnke et al. (2008) reported that SCN juveniles penetrated all cover crop 
352 species tested, including rapeseed, but specific numbers of nematodes that entered the plant roots 
353 in these experiments were not reported. Likewise, Riggs (1987) determined that SCN juveniles 
354 penetrated the roots of the cruciferous plant turnip (Brassica rapa), but no quantitative data were 
355 reported. While we are not the first to report that SCN juveniles penetrate the roots of cruciferous 
356 plant species, we observed root penetration of more cruciferous species than previously reported. 
357 And to our knowledge, ours is the first study to quantify SCN penetration the roots of various 
358 crop species, revealing evidence that there is potential for some cover crops to serve as trap crops 
359 for SCN. 
360 Another factor to consider while interpreting these results is the overall relative root mass 
361 of the different cover crop species in the soil. Researchers assessed the root biomass for oats 
362 (Avena sativa L.) as a cover crop as well as a cover crop mix including oats, radish, and hairy 
363 vetch (Vicia villosa Roth) over three years (Licht et al. 2018). On average, the hairy vetch root 
364 biomass comprised less than 10 percent of the total biomass of the cover crop mix and radish 
365 roots comprised less than 20 percent of the biomass. Root mass was not controlled for in our 
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366 experiments, so this factor likely varied among the cover crop treatments from which the RE+SL 
367 were collected.
368 Although crimson clover and two brassica species appear to possibly have potential to 
369 serve as a trap crop for SCN based on the results of our hatching, chemotaxis, and penetration 
370 experiments, the likelihood of having a sufficient amount of root biomass of these plants to 
371 encounter large numbers of nematodes may not be very high. More research is needed to 
372 determine how root biomass of trap crops affect the actual ability of the cover crop to lower SCN 
373 population densities. 
374 The results of our laboratory experiments indicated that the RE+SL of some cover crops 
375 affected SCN hatching and chemotaxis and that there were differences in root penetration by 
376 SCN among the different plants studied. These cover crops must be tested in field experiments to 
377 determine if the effects are measurable, impactful, and consistent on a larger scale. If certain 
378 cover crop species can significantly decrease SCN population densities in infested fields, 
379 recommendations can be made to farmers looking for alternative methods to manage the 
380 worsening SCN problem. Furthermore, as the use of cover crops continues to increase in the 
381 United States, scientifically rigorous answers to questions regarding their effects on other aspects 
382 of crop production, including plant diseases, will be highly valuable. 
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485 Table 1. Information about the cover crop types and mixes that were used in the experiments, 
486 listed alphabetically, followed by the non-cover crop SCN nonhost tomato and the susceptible 
487 host soybean control treatments. 
Treatment Species Cultivar Source Plants per 
Cone-tainera
Grasses:
Annual ryegrass 1 Lolium multiflorum Bounty Saddle Butte Ag., 
Inc.
10-12
Annual ryegrass 2 Lolium multiflorum RootMax Cover Crop 
Solutions
10-12
Annual ryegrass 3 Lolium multiflorum King LaCrosse Seed 10-12
Cereal rye 1 Secale cereale Aroostoock Public 3-5
Brassicas:
Mustard 1 Brassica juncea Kodiak Mighty Mustard 5-8
Mustard 2 Brassica juncea Pacific Gold Mighty Mustard 5-8
Daikon radish 1 Raphanus sativus var. 
longipinnatus
CCS779b Smith Seed 
Services
3-5
Oilseed radish 1 Raphanus sativus var. 
oleiferus
Image LaCrosse Seed 3-5
Oilseed radish 2 Raphanus sativus var. 
oleiferus




Annual ryegrass 1 + 
Daikon radish 2 mix
Lolium multiflorum + 




Saddle Butte Ag., 
Inc.
10-12,         
3-5 
Annual ryegrass 1 + 
Rapeseed mix




Saddle Butte Ag., 
Inc.
10-12,         
3-5
Cereal rye 3 + 
Crimson clover + 
Daikon radish 3 mix
Secale cereale + 
Trifolium incarnatum +
Raphanus sativus var. 
longipinnatus
SF 102 Cover 
Starter mixc
LaCrosse Seed 3-5,         
5-6,            
3-5
Controls:
Tomato Solanum lycopersicum Rutgers Public 1-2
Soybean Glycine max Williams 82 Public -
488
489 a The number of plants per Cone-tainer were determined based on the size of the plants.
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490 b CCS779 is the cultivar that was previously sold as Tillage® radish (trademarked by Cover Crop 
491 Solutions). The cultivar is now sold by Smith Seed Services under this new name.
492 c There are no cultivar names specified for the species in this mix.
493 d Cultivars in Soil Buster mix were Bounty annual ryegrass and Enricher radish. Cultivars in 
494 Synergist mix were Bounty annual ryegrass and Dwarf Essex rapeseed.
495
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496 Figure 1. Microfluidic chip (Beeman et al. 2016) used in chemotaxis experiments. One chip (A) 
497 consisted of four parallel, independent lanes. Juveniles were dispensed into the central nematode 
498 entry port of each lane, and treatment or control solutions were dispensed into the outer 
499 reservoirs to allow diffusion of treatments through the filters into the resting chambers and 
500 eventually diffusing towards the nematode entry port. Juveniles could migrate towards and into 
501 either of the resting chambers (B) depending on how they reacted to the treatments.
502
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503 Figure 2. The mean proportion of SCN juveniles hatched in root exudate and soil leachate 
504 (RE+SL) compared to hatching in the non-planted soil leachate (SL) for experiments with three 
505 treatment groups (A) group A (one species of each cover crop treatment), (B) group B (broadleaf 
506 cover crops), and (C) group C (annual ryegrass and cereal rye cultivars). The different cultivars 
507 are designated numerically following the name of the species; information on the specific species 
508 can be found in Table 1. The standard error of the means is designated by the error bar for each 
509 proportion mean. Values significantly different than 1.0 (the non-planted SL) are indicated by * 
510 α = 0.05 or ** α = 0.01.
511
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512 Figure 3. The mean percent of SCN juveniles that moved towards water and cover crop RE+SL 
513 for experiments with three groups of treatments (A) group A (one species of each cover crop 
514 treatment included in this study), (B) group B (broadleaf cover crops), and (C) group C (cereal 
515 cover crop cultivars). The different cultivars are designated numerically following the name of 
516 the species, and information on the specific species can be found in Table 1. The standard error 
517 of the means is designated by the error bar for each percent mean. An asterisk (*) indicates 
518 whether the percent movement towards a treatment was significantly different than the percent 
519 movement away from the treatment, i.e. towards water (α = 0.05). 
520
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521 Figure 4. Total number of soybean cyst nematode (SCN) juveniles in root systems (A) and the 
522 number per root gram (B) in the roots of cover crops, SCN-susceptible soybean, and the non-
523 cover crop SCN nonhost tomato. The different cultivars are designated numerically following the 
524 name of the species, and information on the specific species can be found in Table 1. The 
525 standard error of the means is designated by the error bar for each mean. Plants are listed in 
526 descending order of number of nematodes from left to right. 
527
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